
EUROCORR 2004 

Stress Corrosion Cracking of a Kori 1 Retired Steam Generator Tube 
 

H. P. Kim,  S. S. Hwang, D. J. Kim, J. S. Kim, Y. S. Lim, M. K. Joung 
 

Korea Atomic Energy Research Institute,P.O. box 105, Yusong, Taejon, Korea 
hpkim@kaeri.re.kr 

 
Abstract 
 
The present work addressed the evolution trends of the Kori 1 retired steam generators 
tube degradation such as pitting, primary water stress corrosion cracking(PWSCC), and 
outer diameter stress corrosion cracking(ODSCC) using the Weibull distribution based 
on the repair of the tubings and introduced a failure analysis of the pulled out tubes 
from the Kori 1. A material and condenser replacement in the secondary side and a 
chemical cleaning of the steam generator changed the Weibull distribution for the 
pitting. An ingress of sea water through the condenser into the steam generator and an 
accumualtion of chloride in the steam generator induced the pitting. A mechanism of a 
copper band formation within the corrosion product in a pit is proposed. Pitting seemed 
to have occurred in an acidic and oxidizing environment between 1978 and early 1990. 
The Weibull characteristic time and slope for a PWSCC is 25 year and 4.5, respectively. 
Axial PWSCC was only observed in the R16C35 tube and circumferential PWSCC was 
only observed in the R11C45 tube at the roll expansion transition. Some tubes that 
experienced extensive ODSCC rather than PWSCC in the roll transition seemed to be 
due to the impurities concentrated in the crevice which induce ODSCC, even though the 
stress in the roll transition of the primary side was higher than that in the secondary side. 
ODSCC seemed to have occurred in a caustic and slightly oxidizing environment from 
early 1990 to 1998.  
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1. Introduction 
 
Kori 1 is a pressurized water reactor (PWR) with two recirculating steam generators and 
an electrical capacity of 600Mwe. Each steam generator has 3388 steam generator tubes 
which were expanded to a full depth by mechanical roll expansion. It has been operated 
since 1978 and its steam generators were replaced in 1998 because of an extensive 
degradation of the steam generator tube made of a low temperature mill 
annealed(LTMA) Alloy 600. Main form of the degradation of the tubings was pitting, 
primary water stress corrosion cracking(PWSCC), outer diameter stress corrosion 
cracking(ODSCC) and intergranular attack(IGA).  
 
To mitigate the degradation of the steam generator tubing in Kori 1, the preheater made 
of copper alloy and the condenser were replaced in 1988 and chemical cleaning was 
applied in 1990 and secondary water chemistry was improved. Furthermore, to assure 
the integrity of the steam generator tubes, plugging, sleeving and finally a steam 
generator replacement were performed. 
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The present work addresses the evolution trends of the retired Kori 1 steam generator 
tube degradation such as pitting, PWSCC, and ODSCC based on the repair of the 
tubings and presents a failure analysis of the pulled out tubes from Kori 1. 
 
 
2. Experimental Method 
 
The number of steam generator tubes repaired via either plugging or sleeving in Kori 1 
during each overhaul period were classified according to the degradation mechanism. 
Statistical distributions of each failure mechanism were plotted using the Weibull 
distribution which was found to be the optimum for characterizing the corrosion of 
steam generator tubes[1]. 
 
Failure analysis of the pulled out tubes from Kori 1 was performed to clarify the 
degradation mechanism and to establish the remedial actions. The pulled out tubes that 
were selected based on the eddy current test(ECT) signal during ISI were transferred to 
a hot laboratory at the Korea Atomic Energy Research Institute. 
 
Nondestructive examinations covering a visual inspection and a laboratory ECT were 
carried out and then destructive examinations followed. Chemical compositions of the 
sludge on the tube sheet were analyzed by an inductively coupled plasma atomic 
emission spectroscopy(ICP-AES) and an ion chromatography(IC) and structure of the 
sludge on tube sheet was analyzed by a X-ray diffractometry(XRD). Chemical 
compositions of the corrosion product on the tube and fracture surface were analyzed by 
SEM-EDS and Auger electgron spectroscopy(AES). 
 
 
3. Results and Discussion 
 
3.1 Pitting 
 
The number of tubes repaired due to pitting as a function of an effective full power year 
(EFPY) is shown in Fig. 1. 419 tubes were plugged due to pitting in 1985 for the first 
time since it began operation in 1978. The number of tubes plugged due to pitting 
decreased for the next two fuel cycles until 1988 and then increased until 1990 and then 
finally decreased. To mitigate the pitting in the SG tubes, both the condenser and the 
preheater with copper as the major alloying element in the secondary side were replaced 
in 1988. Analysis of the sludge on the secondary side in 1985 showed that the sludge 
contained a large amount of copper. Sea water ingress into the steam generator through 
the condenser tube made of copper alloy occurred until 1988 and then dramatically 
reduced after the replacement of the condenser made of copper alloy to that of Ti alloy 
in 1988. The sea water ingress led to an accumulation of the chloride ion in the sludge 
on the tube sheet. A combination of the chloride ion and oxidizing agents such as 
copper seems to enhance pitting. Even though the sea water ingress into the steam 
generator virtually stopped and the material with a copper source in the secondary side 
was replaced in 1988, the pitting rate increased during the period from 1988 to 1990, so 
a chemical cleaning of the secondary side steam generator was undertaken in 1990. 
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After the chemical cleaning, the pitting rate decreased until the steam generators were 
replaced in 1998.  
 
A cumulative Weibull distribution showing the fraction failed versus time for the pitting 
on the secondary side is shown in Fig. 2. The cumulative Weibull distribution clearly 
shows that the pitting trend remained unchanged during the period from 1985 to 1990 
even though the condenser and preheater on the secondary side were replaced in 1988 
and the sea water ingress had almost stopped after the condenser replacement. However, 
the pitting trend in the cumulative Weibull distribution changed after the chemical 
cleaning in 1990, suggesting that the chemical cleaning had removed the chloride ion 
and/or copper in the sludge. 
 
3 tubes(R26C38, R28C53 and R36C45) were pulled out in 1988 and one tube  
tube(R25C29)  in 1992 because of the pitting in the secondary side. Crossectional area 
showing a pit under a sludge file is shown in Fig. 3. As shown in Fig. 3(a), some pits 
have penetrated through wall, leading to a leak of the primary water. All the pits were 
located within the sludge file on the tube sheet(Fig. 4), suggesting that the pitting had 
occurred due to the concentrated impurities such as the copper compound and the 
chloride ion at the interface between the tube and the sludge file.  
 
Corrosion products within a pit in the pulled out tubes can be classified into two types 
based on their appearance as shown in Fig. 5. One is generally a dark corrosion product 
and the other is a layered corrosion product composed of metallic copper bands within 
the oxide. Fig. 6 shows a dot mapping of the cross section of the pit in the R36C45 tube 
by an EDS. A image of a corrosion product is composed of a bright band within a 
corrosion product. The bright image in Fig. 6 matchs well with the copper mapping. The 
number of copper bands in a corrosion product in a pit were generally less than the 
number of outages therefore it might be related to the numer of outages. However, a 
copper band in a corrosion product in a pit could be formed in a static autoclave test in a 
laboratory. So, the formation of a copper band in a pit for a pulled out tube seems to be 
independent of the number of outages.  
 
A mechanism of the copper band formation is proposed. An anodic reaction proceeds at 
the pit surface. A cathodic reaction proceeds at the corrosion product in a pit and the 
free surface. A negatively charged copper complex and chloride ion move into the pit 
from the free surface to satisfy the charge neutrality. The dominant cathodic reaction 
would be an oxygen reduction if the concentration of the negatively charged copper 
complex is less than the critical concentration and the negatively charged copper 
complex would hardly be reduced. So, a corrosion product without a copper band is 
formed in a pit. A cathodic reaction of the negatively charged copper complex in 
addition to the oxygen reduction would start at the corrosion product surface in a pit and 
form a copper band if the concentration of the negatively charged copper complex 
reaches a critical concentration. The layered copper band in the corrosion product of Fig. 
5 seems to be formed by a repetative action of the above two processes.  
 
An electron microprobe was used to analyze the polished cross section of the pit. The 
analysis shows small but widely distributed amounts of both sulfur and lead in the 
corrosion product. Significantly there was no sodium and essentially no chloride in the 
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corrosion product. The major elements were chromium and nickel. However, the nickel 
content is low throughout the deposit. Average ratio of the chromium over the nickel in 
the corrosion product is 23.9, while that in Alloy 600 is 0.22. This fact indicates that the 
corrosion product in the pit was enriched in the chromium as compared to the nickel 
relative to the nominal composition of the Alloy 600. This trend was also found on thin 
film on the free surface of the Alloy 600. Fig. 7 shows a depth profile of the thin film by 
an AES. Many previous works have suggested that the chromium is enriched on the 
outer layer of the corrosion product for Alloy 600 in an acidic environment while the 
nickel is enriched on the outer layer in an alkaline environment relative to the chemical 
composition of the Alloy 600[2-4]. Therefore, the pitting in the pulled out tube occurred 
in an acidic environment. 
 
Analysis of the pulled out tube(R25C29)  in 1992 shows that the chemical cleaning 
performed in 1990 removed the copper deposit on free surface but could not remove the 
corrosion product within a pit probably due to the low accessibity of the chemical 
cleaning solution into the pit. 
 
3.2 PWSCC 
 
A cumulative Weibull distribution showing the fraction failed versus time for a PWSCC 
near the tube sheet on the primary side is shown in Fig. 8. SG tubes were repaired due 
to PWSCC for the first time in 1990. The Weibull characteristic time and slope is 25 
years and 4.5, respectively. The hot leg temperature of Kori 1 is 319oC. While the mean 
value of the Weibull characteristic time and slope of the other plants with a hot leg 
temperature(Thot) of 324-326oC are 11.3 year and 4.3, respectively. The Weibull 
charateristic time for a PWSCC of Kori 1 with Thot=319 is 25 years and considerably 
higher than that of the other plants with Thot 324-326oC. This is consistent with the 
suggestion that a decrease in the temperature increases the value of the Weibull 
characteristic time. However, the Weibull slope for PWSCC of Kori 1 is almost the 
same as that of the other plants with a higher temperature, even though there was a 
suggestion that the Weibull slope increases with temperature. At present, it is unclear 
what caused such a situation. 
 
2 tubes(R11C45 and R16C35) were pulled out because of PWSCC from Kori 1 in 1992. 
All the PWSCC in pulled out tube was located at the roll transition as indicated by the 
ECT during an ISI. Three axial cracks were found on the R11C45 tube where one crack 
had penetrated through wall and the other two cracks had partially penetrated as shown 
in Fig. 9. Several circumferential PWSCC was found within a band at the roll transition 
on the R16C35 tube as shown in Fig. 10. Maximum depth of the circumferential 
PWSCC is about 53%. Lead, sulfur and chloride detected by a WDS in the corrosion 
product in the primary side near the through wall cracked PWSCC seems to have 
migrated from the secondary side through the throughwall PWSCC. Primary water in 
Kori 1 has been controlled according to the EPRI guideline. The LTMA Alloy 600 is 
less resistant to PWSCC when compared to the high temperature mill annealed Alloy 
600 or thermally treated Alloy 600[5]. Residual stress at the roll transition is higher than 
that at the explosive or hydraulic expantion transition[6]. So, the lower PWSCC 
resistance of the LTMA Alloy 600 in Kori 1 may be attributed to the microstucture with 
an intragranular carbide and the roll expansion when compared to the other plants. 
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3.3 ODSCC 
 
A tube (R27C34) was pulled out because of ODSCC in Kori 1 in 1994. Even though 
ODSCC or PWSCC at the expansion transition were not indicated by the ECT during 
the ISI, it was presumed that ODSCC or PWSCC at the expansion transition would be 
found upon a destructive analysis because of the high residual stress at the roll transition. 
However, the destructive analysis shows that all the ODSCC was proceeded above the 
expansion transition within the sludge file and no ODSCC was found at the roll 
expansion transition. Destructive examination of the tubes shows that the intergranular 
corrosion attack(IGA) is confined to near the top of the tube sheet(TTS) (TTS± 2mm ), 
IGA and ODSCC are observed in a region from TTS to TTS+50mm, and ODSCC is 
found in a region from TTS+50mm to TTS+72mm as shown in Fig. 11. Maximum 
depth of the ODSCC was about 60% of the tube thickness at a location from TTS to 
TTS+50mm and 100% in a region from TTS+50mm to TTS+72mm. ODSCC rate is fast 
just below the top of the sludge, suggesting that the impurities concentrate preferentially 
in that region where wetting and boiling occurs but that the secondary water may not 
penetrate below that region because the deposit was so tightly adhered to the tube for 
the secondary water to penetrate or because a steam phase always exists once the height 
of the sludge file reachs 70mm above the TTS. Scratch, acting as a stress riser was not 
observed in the tube.  
 
The environment near a ODSCC was estimated to be caustic based on a chemical 
analysis of the leachates from the tube surface as well as AES analysis and the hideout 
and return data. Litmas paper was pressed on to the deposit surface after the deposit 
surface was wetted with distilled water. pH of the deposit surface was about 8.5. pH of 
the distilled water was about 6 probably because the carbon dioxide was dissolved in 
the distilled water, which clearly indicates that the leachate is caustic. Chromium 
fraction over the major alloying elements, Cr/(Ni+Cr+Fe) is less than 0.05 for the tube 
surface deposit while the fraction is about 0.15 for Alloy 600. pH calculated based on 
the hideout and return data was about 9.5 at 300oC under the assumption that the 
concentration factor is 107 and silica is present in the deposit. So, the ODSCC 
proceeded in an caustic environment.  
 
From the failure analysis of the pulled out tubes, it can be assumed that the crevice 
chemistry was an acidic and oxidizing environment because of the sea water ingression 
and copper compound accumulation in the steam generator from 1978 to early 1990, 
and then it changed to an caustic and slightly oxidizing environment after early 1990. In 
1988, the sea water ingress was stopped because the condenser was replaced with one 
made of Ti alloy and in 1990 chemical cleaning was performed to remove the sludge on 
the tube sheet. 
 
 
4. Summary 
 
A material and condenser replacement in the secondary side and a chemical cleaning of 
the steam generator changed the Weibull distribution for the pitting. Ingress of the sea 
water through the condenser into the steam generator and an accumualtion of chloride in 
the steam generator induced the pitting. A mechanism for copper band formation within 
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the corrosion product in a pit was proposed. Pitting seems to have occurred in an acidic 
and oxidizing environment from 1978 to early 1990. The Weibull characteristic time 
and slope for the PWSCC is 25 years and 4.5, respectively. Crack shape and location 
strongly depends on the tube location. Axial PWSCC was only observed in the R16C35 
tube and circumferential PWSCC was only observed in the R11C45 tube at the roll 
expansion transition. Some tubes that experienced an extensive ODSCC rather than a 
PWSCC in the roll transition seemed to be due to the impurities concentrated in the 
crevice which induces ODSCC, even though the stress in the roll transition of the 
primary side is higher than that in the secondary side. ODSCC seems to have occurred 
in a caustic and slightly oxidizing environment from early 1990 to 1998.  
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Fig.1 Number of tubes repaired with EFPY for pitting.
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Fig. 3 Pits in pulled out tube, (a): pit in tube, (b): pit in cross section of tube. 
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Fig. 4 Pits distribution above the top of tube sheet within a sludge file. 
 

 
 
Fig. 5 Appearance corrosion product in a pit of pulled out tube, (a) dark corrosion 
product, (b): layered structure. 
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Fig.  6  Dot maps of cross section of pit in S/G B hot leg R36C45. 
 
 
 

 
Fig. 7  AES depth profile on free surface near pit of pulled out tube. 
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Fig.8 Weibull plot for PWSCC of Kori 1(retired).
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Fig. 9 Axial PWSCC in R11C45 tube.                      Fig. 11 ODSCC in R27C34 tube. 
 
 

 
Fig. 10 Circumferential PWSCC in R16C35 tube. 
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